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Abstract 
A servo-controlled multiaxial tube expansion testing machine was used to measure the multiaxial plastic deformation behavior 
of a cold rolled IF steel sheet for a range of strain from initial yield to fracture. The testing machine is capable of applying 
arbitrary principal stress or strain paths to a tubular specimen using an electrical, closed-loop servo-control system for an axial 
force and an internal pressure. Tubular specimens with an inner diameter of 44.6 mm were fabricated from a cold rolled 
interstitial-free steel sheet with a thickness of 0.7 mm by roller bending and laser welding. Many linear stress paths in the first 
quadrant of stress space were applied to the tubular specimens to measure the forming limit curve and forming limit stress curve 
of the as-received sheet sample, in addition to the contours of plastic work and the directions of the plastic strain rates. It was 
found that the shapes of the measured work contours changed with increasing plastic work. The observed differential work 
hardening behavior was approximated by changing the material parameters and the exponent of the Yld2000-2d yield function 
(Barlat et al, 2003) as a function of the equivalent plastic strain. The forming limit curve and forming limit stress curve were 
calculated using the Marciniak-KuczyĔski-type approach and the differential work hardening model. The calculated results 
were in fair agreement with the measurement. 
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1. Introduction 
In sheet metal forming simulations the effect of yield functions on the predictive accuracy of material 
deformation behavior is significant (Kuwabara, 2007; Banabic et al., 2010). One of the authors developed a biaxial 
tensile testing method for sheet metals using a cruciform specimen (Kuwabara et al., 1998; Kuwabara et al., 2002) 
and demonstrated that it is necessary to select appropriate yield functions for sheet metals to improve the predictive 
accuracy of finite element analyses (FEA) for hole expansion (Kuwabara et al., 2011) and hydraulic bulge forming 
(Yanaga et al., 2012, 2014). 
Ishiki et al. (2011) and Sumita et al. (2011) investigated the work hardening behavior of pure titanium sheet 
under biaxial tension. The maximum plastic strain applied to the test material was only 0.002 for the biaxial tensile 
tests using cruciform specimens. Tubular specimens were fabricated by bending the sheet sample into a constant 
curvature and laser-welding the sheet edges together, and combined internal pressure and axial load were applied to 
the tubular specimens using a servo-controlled multiaxial tube expansion testing machine developed by Kuwabara 
et al. (2005). Consequently, the work hardening behavior of the pure titanium sheets was successfully measured up 
to a maximum plastic strain of 0.085 (Ishiki et al., 2011) and 0.225 (Sumita et al., 2011). 
One of the most prominent features of the multiaxial tube expansion test (MTET) method is that it enables a 
direct measurement of a forming limit stress curve (FLSC) for a sheet metal. A FLSC has been proven to be path-
independent, both experimentally (Yoshida et al., 2005, 2007a) and analytically (Yoshida et al., 2007b, 2008), if a 
test material follows isotropic hardening law. Therefore, measuring FLSCs of sheet metals is of practical 
importance to improve the predictive accuracy of fracture in the FEA of sheet metal forming processes. 
In this study the differential work hardening (DWH) model proposed by Yanaga et al. (2014) was applied to the 
cold rolled IF steel sheet used in the study by Kuwabara and Sugawara (2013) to evaluate the effect of the DWH 
behaviour on the forming limit curve (FLC) and FLSC predictions. The DWH behaviour was approximated by 
changing the material parameters and the exponent of the Yld2000-2d yield function (Barlat et al., 2003) as a 
function of the equivalent plastic strain. The FLC and FLSC were calculated using the Marciniak-.XF]\ĔVNL-type 
(M-K) approach (Marciniak and .XF]\ĔVNL, 1967) with the DWH model and compared with the measured ones. 
2. Experimental Method 
2.1. Experimental method 
All the experimental data referred to in this study are those obtained in Kuwabara and Sugawara (2013).  The 
test material used was 0.7-mm-thick cold-rolled IF steel sheet. The work hardening characteristics and r-values at 
0°, 45° and 90° (transverse direction; TD) to the rolling direction (RD) are listed in Table1. Hereafter, the RD, TD 
and the thickness directions of the material are defined as the x-, y- and z-axes, respectively.  
MTETs were performed to measure the plastic deformation behaviour of the test material from initial yield to 
fracture. Tubular specimens with an inner diameter of 44.6 mm, a length of 200 mm and a gauge length (distance 
between the grips of the testing machine) of 140 mm were fabricated by bending a sheet sample into a cylindrical 
shape and laser-welding the sheet edges together.  
Fig. 1(a) shows a schematic diagram of the servo-controlled multiaxial tube expansion testing machine used in 
the MTETs. The testing machine was developed by Kuwabara et al. (2013). An axial load T and an internal 
pressure P were applied to a tubular specimen by a hydraulic cylinder and a pressure booster, respectively. Fig. 
Table 1. Mechanical properties of the test material. 
Tensile direction (q) 0.2V  (MPa) c a (MPa) n a D  a r-value b 
0 (RD) 164 574 0.273 0.008 2.27 
45 173 574 0.272 0.008 1.77 
90 (TD) 170 564 0.273 0.009 2.65 
a Approximated using  p ncV D H   for 0.002 pHd d 0.093. 
b Measured at nominal strain NH  0.1. 
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1(b) shows a schematic diagram of the strain measurement apparatus used for continuously measuring the tubular 
specimen’s deformation. The average radial displacement of the outer surface at the midsection of a bulging 
specimen was measured using three displacement transducers DT1, DT2, and DT3. The radius of axial curvature 
RI  at the central bulging area was measured using three displacement transducers DT1A, DT1, and DT1B that 
were placed at intervals of s  13 mm along the axial direction of the specimen (see Kuwabara et al. (2013) for 
details of the strain measurement procedures). The axial and circumferential stresses IV  and TV  at the midsection 
of the bulging specimen were calculated using the following equations based on the equilibrium requirements for a 
material element at the mid-section of a specimen: 
s 2
0
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Linear stress paths were applied to tubular specimens; the true stress ratios :x yV V  were chosen to be 4:1, 2:1, 
4:3, 1:1, 3:4, 1:2 and 1:4. A standard uniaxial tensile specimen (JIS 13 B-type) was used for the uniaxial tensile 
tests with :x yV V  1:0 and 0:1. True stress increments were controlled and applied to the specimens so that the 
von Mises equivalent plastic strain rate became approximately constant at 5u 10-4 s-1 for all stress paths. 
The concept of the contour of plastic work in stress space (Hill et al., 1994) was introduced to evaluate the work 
hardening behaviour of the test material under biaxial tension. The stress-strain curve obtained from a uniaxial 
tensile test along the RD was selected as a reference datum for work hardening; the uniaxial true stresses 0V  and 
the plastic work per unit volume 0W  performed during the test up to the instant when a particular value of uniaxial 
true plastic strain p0H  was reached were determined first. The uniaxial true stress 90V  measured from a tensile test 
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(a)   (b) 
Fig. 1.  Experimental apparatus for the MTET (Kuwabara et al., 2013): (a) schematic diagram of the testing machine, and (b) sensors for 
measuring the biaxial strain components and the radius of axial curvature of a bulging specimen. 
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Fig. 2.  (a) Measured stress points forming contours of plastic work and (b) measured directions of the plastic strain rates, compared with those 
calculated using the Yld2000-2d yield function with DWH. 
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in the TD and the biaxial true stress components ( , )x yV V  measured from biaxial tensile tests were then 
determined for the same plastic work as 0W . The stress points 0( ,0)V , 90(0, )V  and ( , )x yV V  thus plotted in the 
principal stress space form a contour of plastic work associated with the p0H . When 
p
0H  is taken as sufficiently 
small, the corresponding work contour can be practically viewed as a yield locus. 
3. Results and discussion 
3.1. Material modeling 
Fig. 2(a) shows the measured stress points forming contours of plastic work. Also depicted in the figures are the 
theoretical yield loci based on the Yld2000-2d yield function with DWH as will be described later. Fig. 2(b) 
compares the measured directions of the plastic strain rates with those calculated using the Yld2000-2d yield 
function with DWH. The calculated values were in good agreement with the measurement for respective values of 
p
0H . The DWH behaviour was approximated by changing the material parameters iD  ( i  1~8) and exponent M of 
the Yld2000-2d yield function as a function of p0H . Fig. 3 shows the variations of iD  and M with 
p
0H , which were 
approximated using following equations: 
p p
0 0exp( )M A B C DH H     and 
p 0.5 p
0 0p 2
0
( ) exp( )
( )i
A C D
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D H H
H
  

. (2) 
3.2. Equivalent stress-strain relation 
A uniaxial tensile test using a JIS 13B type specimen could be performed for a strain range of p0H d 0.25 before 
a diffuse neck occurred. A hydraulic bulge test was performed to determine the equivalent stress 0V -equivalent 
plastic strain p0H  relation for a larger strain range. From the equivalence of work hardening in terms of plastic work 
pW , the following equation is obtained: 
p p p p
0 0 b( ) ( ) zdW W d W dV H V H    ,  (3) 
where 0V  and bV  were experimentally determined as the functions of 
pW . Thus, 0V  and 
p
0dH  can be determined 
from Eq. (4) using the yield stress ratio p p pb 0( ) ( ) / ( )W W WO V V{ : 
p p p
0 ( ) ( ) / ( )bW W WV V O  and 
p p p
0 0b z zd d dH V H V O H  . (4) 
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Fig. 3.  Variation of the material parameters of the Yld2000-2d yield function with increasing p0H , approximated using Eq. (2). 
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Fig. 4(a) shows the variation of O  with pW , and O  was approximated using the following equation: 
p p1.16 0.113exp( 0.298 ) 0.0002W WO     .  (5) 
Thus, the 0V -
p
0H  relation can be determined using Eqs. (4) and (5), as shown in Fig. 4(b). 
3.3. M-K analysis 
Fig. 5 shows the forming limit strains and stresses measured using the MTETs, hydraulic bulge tests, and 
uniaxial tensile tests. For the FLC and FLSC calculations based on the M-K approach, the Yld2000-2d yield 
function for p0H  0.35 with the isotropic hardening (IH) assumption and the DWH model were used. The work 
hardening characteristics p 0.270574( 0.008)V H  (MPa) (see Fig. 4(b)) was used. The magnitude of initial 
imperfection, the strain rate sensitivity exponent (m-value), and the equivalent plastic strain rate were assumed to 
be 0.995, 0.02, and 0.0005 s-1, respectively. See Yanaga et al. (2014) for the details of the DWH model and 
Yoshida et al. (2007b) for the details of the calculation procedures for the M-K approach. The calculated FLC and 
FLSC based on the DWH model have a closer agreement with the experimental data than those based on the IH 
model. Thus, it is concluded that the DWH model is an effective material model for improving the accuracy of the 
forming limit predictions. 
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Fig. 4.  (a) Yield stress ratio-plastic work per unit volume approximated using Eq. (5). (b) Equivalent stress-strain curves determined using the 
hydraulic bulge test. 
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Fig. 5.  (a) Forming limit strains and (b) forming limit stresses. The solid and dashed lines are those calculated using the M-K approach. ƶ: 
Fractured at a position of T d 30r q  (where T  is the angle from the weld line in the circumferential direction of a tubular specimen), ƹ: 
hydraulic bulge test, ƾ: fractured at a position of T ! 30r q , and Ʒ: Uniaxial tensile test. 
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4. Conclusions 
(1) The MTET is an effective material testing method for accurately measuring the work hardening behavior of 
sheet metals for a range of strain from initial yield to fracture, and accordingly for determining the DWH 
model for sheet metals. 
(2) The FLC and FLSC calculated using the M-K approach with the DWH model based on the Yld2000-2d yield 
function had a closer agreement with the experimental data than those based on the IH model. 
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